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Molecular dynamics simulationCholesterol (Chol) and ergosterol (Erg) are abundant and important sterols in the plasmamembrane ofmamma-
lian and yeast cells, respectively. The effects ofChol andErg onmembrane properties, aswell as their intracellular
transport, can be studied with use of ﬂuorescence probes mimicking both sterols as closely as possible. In the
search for newand efﬁcient Chol and Erg probes,we use a combination of theoreticalmethods to explore a series
of analogs. The optical properties of the analogs (i.e. excitation energies, emission energies and oscillator
strengths) are examined using time-dependent density functional theory (TDDFT) and their ability to mimic
the effects of Chol and Erg onmembranes is investigatedwithmolecular dynamics (MD) simulations of each an-
alog in a 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayer. From the set of analogs we ﬁnd two probes
(3a and 3b) to display favorable electronic transition properties aswell as strong condensing abilities. These ﬁnd-
ings can lead to the use of new efﬁcient probes and aid in the understanding of the structural features of Chol and
Erg that impart to them their unique effects on lipid membranes.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Cholesterol (Chol) and related sterols, such as ergosterol (Erg) found
in fungi andother organisms, fulﬁll a variety of important functions in cel-
lularmembranes. Structurally, these sterols condense theﬂuid lipid bilay-
er by restraining the molecular motion of the phospholipid fatty acyl
chains with the additional effect of increased bending rigidity and resis-
tance against area dilation [1,2]. These properties are very important for
maintenance of a permeability barrier against ions and small solutes,
retaining at the same time enough ﬂexibility of cellular membranes for
ongoing membrane trafﬁc in cells. At high sterol mole fractions in ﬂuid-
phase bilayers, Chol, Erg and similar sterols induce a liquid-ordered (lo)
phase, which is likely of physiological relevance in the plasmamembrane
of cells [3–5]. Inserted into gel-phasemodelmembranes, i.e., inwhich the
phospholipids are below their respective phase transition temperature,
these sterols increase lateral diffusion and decrease bending rigidity,
both being characteristics of a ﬂuid lo phase [3–7]. As a consequence,
Chol, Erg and related sterols mediate ﬂuid–ﬂuid immiscibility in ternary
mixtures containing a low- and a high-melting phospholipid. Important-
ly, even apparently negligible alteration of themolecular structure can af-
fect such sterol properties dramatically, as amply documented in
experimental and simulation studies [5,8–12].@sdu.dk (J. Kongsted).Unrestrained Chol accumulation is deleterious for cells and associat-
ed with a number of diseases like atherosclerosis or lysosomal storage
disorders [13]. Despite intense research within this ﬁeld, the intracellu-
lar transport pathways of cholesterol and related sterols are today large-
ly unknown. A key aspect in this relation is that understanding
intracellular transport andmembrane dynamics of sterols requires suit-
able analogs that perturb the original structure minimally, but can be
tracked with high sensitivity and speciﬁcity. However, most known
Chol analogs have a covalently linked ﬂuorophore attached and as a re-
sult perturb membrane structures signiﬁcantly resulting in altered me-
tabolism, localization or trafﬁcking in cells [14–20]. In contrast,
ﬂuorescent sterols having a conjugated double bond system in the sterol
rings, so-called polyene sterols (P-sterols), are particularly suitable ana-
logs, since they have minimal impact on important lipid properties.
Polyene-lipids are intrinsically ﬂuorescent due to their conjugated dou-
ble bond system in the hydrocarbon portion. For example, polyene-
based analogs of fatty acids were found to mimic their natural counter-
parts allowing for in-depth characterization of lipid metabolism and
storage [21]. Currently, mainly the natural P-sterol dehydroergosterol
(DHE) is available and in use as an analog of Erg and Chol in spectro-
scopic and imaging applications [15,22–24]. DHE differs from Erg only
by one additional double bound (Fig. 1), making it a suitable substitute
of this sterol, especially in sterol-auxotroph organisms relying on Erg, as
yeast cells under some conditions or the nematode Caenorhabditis
elegans [25–27]. DHE's disadvantages are however severe: It possesses
low brightness, rapid bleaching and excitation in the ultraviolet (UV)
Fig. 1. Chemical structures and names of Chol, Erg and their analogs, which are investigated in this study.
Fig. 2. Numbering of Chol carbons and illustration of the internal coordinate system.
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imaging as it enables the use of less invasive exciting radiation. A related
analog of Chol is cholestatrienol (CTL), which has the same side chain as
Chol but a conjugated system in the steroid backbone identical to that of
DHE (Fig. 1). CTL has been used extensively as a membrane probe in
ﬂuorescence spectroscopic investigations [28–30], but has only recently
been incorporated with some success in live-cell imaging applications
[31,32]. However, given the comparable and weak ﬂuorescent proper-
ties of DHE and CTL, the quest for further improvements upon existing
P-sterols for imaging applications cannot be undermined.
Electronic structure calculations andmolecular dynamics (MD) sim-
ulations constitute complementary tools for obtaining guiding princi-
ples for the design of new ﬂuorescence probes. Computations provide
information about the molecular properties of the analogs and their in-
teractions with the membrane directly on the molecular level. These
computational tools are employed in this study, where we continue
the search for better intrinsically ﬂuorescent Chol and Erg analogs
along the line of CTL and DHE by extending the conjugated system to
four double bonds. This strategy is chosen because it is known that in-
creasing the length of a conjugated system results in lower excitation
energy, more efﬁcient absorption and stronger ﬂuorescence [33]. The
four double bonds must be introduced in such a way that the
membrane-ordering properties of Chol and Erg are retained. Herein
lies the major challenge of this work, since as already stated, even
small changes in the chemical structures of Chol and Erg will reduce
their ability to order membranes [10,16,34–41].
A series of analogs of Chol and Erg (Fig. 1) are here examined for
their suitability to serve as Chol or Erg probes, respectively. Their elec-
tronic transition properties are characterized with electronic structure
calculations and the ability of each analog to mimic the ordering effects
of Chol and Erg on a 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC)
membrane is investigated using atomistic MD simulations. A molar ste-
rol concentration of 30% is chosen for initial simulations because 1) this
concentration of Chol is often found in plasma membranes in the lo
phase [3–5] and 2) the differences in membrane perturbations induced
by the sterols will be ampliﬁed at a higher concentration, enabling us to
identify themost appropriate probes. Selected sterols are also examined
at 5.5 mol-% since this concentration is more relevant for imaging ex-
periments of cell membranes [42]. Qualitatively, the effects of the
probes were similar at both concentrations.
Like CTL, 1a, 2a and 3a are analogs of Chol, whileDHE, 1b, 2b and 3b
are Erg analogs. As seen in Fig. 1, analogs 1a and 1b do not have the C18
methyl group, while for 2a and 2b, the C19 methyl group is instead
missing (see atom numbering in Fig. 2). Analogs 3a and 3b have a dou-
ble bondbetween C3 andC4,which eliminates the asymmetric center in
Chol and Erg towhich the hydroxyl group is bonded. The important ste-
reochemistry of the hydroxyl group [34] is thereby altered aswell as the
functionality of the group, since the chemical structures of 3a and 3b
allow the oxygen atom to participate in conjugation. For example, thepKa value for the hydroxyl hydrogen atom will be reduced compared
to Chol and Erg. In contrast to the other four double bond analogs, all
methyl groups are still present.
The structure of this paper is as follows: First, the computational
methods are described. Hereafter, we present the results from the elec-
tronic structure calculations together with a discussion of the electronic
properties of the different analogs. The MD simulations are then ana-
lyzed to evaluate the analogs' ability to mimic the membrane ordering
effects of Chol and Erg. The outcome of the two computational methods
is combined in the Conclusions section, where we point out the most
promising analogs for ﬂuorescent Chol and Erg probes.2. Computational procedure
2.1. Electronic structure calculations
Themolecular structures of the sterols were built in the Schrödinger
Suite 2013 graphical interface Maestro [43]. First, a conformational
search of the isolated molecule was performed based on molecular me-
chanics using the MM3 force ﬁeld and the lowest energy conformation,
with the requirement of an elongated geometry, was chosen for further
optimization. An elongated geometry is likely the most relevant when
the sterol is incorporated in a bilayer. All quantum mechanically (QM)
based geometry optimizations aswell as electronic transition properties
were conducted in gas phase using Gaussian09 [44]. Ground state prop-
erties were calculated using density functional theory (DFT) employing
the B3LYP [45] exchange-correlation functional while excitation ener-
gies, excited state properties and emission energies were calculated
with the range-separated CAM-B3LYP [46] functional within the time-
2190 L.J. Nåbo et al. / Biochimica et Biophysica Acta 1848 (2015) 2188–2199dependent DFT (TDDFT) formalism. The 6-311++G**[47] basis set was
used in all calculations.
2.2. MD simulations
The MD simulations were performed with the Amber14 [48] pack-
age using the Lipid14 [49] force ﬁeld for the POPC lipids and the param-
eters developed by Joung and Cheatham [50] for the ions. Membranes
with only POPC lipids (128) and with POPC + 30 mol-% Chol
(128 + 54) were set up in the CHARMM membrane builder GUI [51]
and converted to Lipid14 PDB format using the charmmlipid2amber.x
[52] script. The bilayers were solvated with 40 TIP3P [53] water mole-
cules per lipid or sterol, resulting in 5120 water molecules for the pure
POPC membrane and 7280 water molecules for the mixed membrane.
A concentration of 0.15 M KCl was added and the thickness of the
water layers in the equilibrated membranes was between 30 and
35Å. An additionalmembranewith 5.5mol-% Cholwas built, consisting
of 138 POPC lipids, 8 sterols and 5840water molecules with 0.15M KCl.
To set up membranes with POPC and other sterols, the Cholmolecules
from the CHARMM-GUI structure were replaced by the geometry opti-
mized sterols from the QM calculations. This was done in VMD [54]
using an in-house tcl script that removed the Cholmolecules from the
pdb ﬁle, aligned the new sterol molecule with each of the removed
Cholmolecules in turn and inserted the new sterols into themembrane
at the original places of the Cholmolecules. Parameters and topologies
for the newmoleculeswere calculatedwithAntechamber [55] using the
RESP [56] formulation for charges and the general Amber force ﬁeld
(GAFF) [57] for the remaining terms. The assigned atom types and par-
tial charges are given in the Supporting Information.
2.2.1. System preparation
The equilibration of themembranes followed the strategy of Dickson
et al. [49]. Using periodic boundary conditions and initial box side
lengths of 85.0 Å (for the systems with 5.5 mol-% sterol, initial box di-
mensions were 79.0 × 79.0 × 82.0 Å3), the full system was ﬁrst mini-
mized with constant volume for 10,000 steps, where the ﬁrst 5000
steps used the steepest descent method and the remaining steps used
the conjugate gradient method [58]. The system was then heated from
0 K to 100 K for 5 ps with a 2 fs timestep using Langevin dynamics
[59] with restraints on the positions of the lipids (force constant
10 kcal mol−1 Å−2), with bonds involving hydrogen constrained using
the SHAKE [60] algorithm and with the volume held constant. Keeping
the restraints on the lipids and hydrogen bonds, the system was ﬁnally
heated to 303 K during 50,000 steps with a time step of 2 fs, now with
constant pressure and the volume allowed to change freely. In all simu-
lations, electrostatic interactions were treated using the particle mesh
Ewald (PME) [61] method and non-bonded interactions were cut off
at 10.0 Å.
2.2.2. Production runs
Each membrane was simulated for 200 ns within the NPT ensemble
using Langevin dynamics propagated with a simple Leapfrog integrator.
The Berendsen barostat [62]with a relaxation time of 1.0 pswas used to
keep the pressure at 1 atm and the temperature was controlled by the
Langevin thermostat [59] with the target temperature set to 303 K
and a collision frequency of γ= 1.0 ps−1. The SHAKE [60] algorithm
was used for bondswith hydrogen and the time stepwas 2 fs. After run-
ning the simulationwith the CPU implementation of Amber14 for 20 ns
allowing the system to stabilize, the rest of the simulation was per-
formedwith the GPU implementation [63]. The initial CPU runwas nec-
essary because the GPU code could not handle the large decrease in
volume that was observed in the beginning of a simulation.
2.2.3. Analysis
The ﬁrst 80 ns of each production run were omitted from the analy-
sis to ensure that the membrane was equilibrated and that the area perlipid had converged (see plot of area per lipid vs. simulation time in Fig.
S2). The remaining 120 ns were analyzed with AmberTools14 [48] and
GROMACS version 4.6.5 [64,65], taking snapshots every 20 ps to yield
6000 snapshots in total per system.
2.2.4. Choice of force ﬁeld
As discussed in detail later, the simulations performed in this study
indicate that Erg orders POPC bilayers more than Chol at 30 mol-%.
This observation is in conﬂict with literature since at 30 mol-%, Chol or-
ders a membrane of monounsaturated lipids such as POPC more efﬁ-
ciently [66–68]. The effects of Erg on the bilayer are believed to
saturate at around 25 mol-% Erg [66–68]. On the contrary, Erg has a
greater ordering effect than Chol on saturatedmembranes due to the ri-
gidity of its tail, which results in smaller tilt angles of the sterol ring sys-
tem [10,40,69].
To resolve if this discrepancywas a forceﬁeld related issue,we reran
the simulations of Chol in POPC and Erg in POPC employing the
CHARMM force ﬁeld C36c [70]. With C36c, the sequence of the two ste-
rols' ordering capacities is reversed with respect to the Amber simula-
tions. However, the differences between Erg and Chol, as well as
between the Amber and C36c simulations are relatively small (see
Figs. S8 and S9 and Table S3). The inaccuracies in the present simulation
can therefore likely be attributed to less reﬁned parameters for the ste-
rols used in the present study, which are based on only one conforma-
tion, RESP charges and the GAFF, compared to the C36c parameters,
which are based on both experimental data and quantum mechanical
calculations. Nevertheless, the Amber force ﬁeld was chosen for this
study due to its straight forward approach for deriving parameters,
and particularly partial charges. Since this is a comparative study, the
parameters for all sterols were determined in the same manner and
were not adjusted to reproduce experimental results.
Future work will focus on how the ﬂuorescing states of the probes
affect the membrane. To this end, a proper description of the electro-
static potentials generated by the excited probes is necessary to capture
the membrane perturbing effects of the probes. The RESP formulation
for charges is thus preferred.
3. Results and discussion
3.1. Electronic structure calculations
The ability of the Chol and Erg analogs to absorb and emit light is of
crucial importance because the goal of the present study is to identify
new potential ﬂuorescence probes. Therefore, their electronic transition
properties were calculated as described in Section 2.1 for the lowest-
lying excited state. The resulting excitation and emission energies
with corresponding oscillator strengths, f, as well as Stokes shifts are
shown in Table 1. The chosenmethodwas unable to identify any intense
transitions for Chol and it is thus omitted from Table 1. A detailed anal-
ysis of the absorption properties of Chol however, revealed interesting
aspects of solvent effects as will be presented elsewhere. Since Chol is
not ﬂuorescent, its transition properties are of little relevance for the
purpose of the present study.
The calculations were performed in gas phase rather than with use
of an environmental model such as the polarizable continuum model
(PCM) [71]. One reason for this decision is that the relevant environ-
ment is a bilayer, which is difﬁcult to describe accurately with simple
models. For example, sometimes parts of the probe will be in contact
with the membrane/water interphase whereas at other times it will
be completely surrounded by the hydrophobic lipid tails. Furthermore,
the dielectric constant of the hydrophobic membrane interior is small
( = 2) [72] and it will therefore typically only inﬂuence the excitation
energies slightly. The emission energies, on the other hand, are more
likely to be sensitive to the environment and larger deviations between
the gas phase and the actual emission energies should be expected. As a
consequence, the precise values of the Stokes shifts presented in Table 1
Table 1
Excitation and emission energies (ΔE) as well as Stokes shifts are given in eV and the correspondingwavelengths are presented in parenthesis (in nm). The oscillator strength is indicated
by f. The magnitude of the transition dipole moment (|TM|) is given in Debye together with the angle (in degrees) between the transition dipole moment and the internal x-axis of each
molecule. The angle between the exciting and deexciting transition dipole moments is also presented. All quantities are calculated at the CAM-B3LYP/6-311++G** level of theory in gas
phase.
Excitation Emission Angle
(exc/em)
Stokes
Shift
Sterol ΔE f |TM| Angle ΔE f |TM| Angle
Erg 4.52 (274) 0.30 0.65 6.1 3.35 (370) 0.26 0.69 1.0 6.40 −1.17 (96)
CTL 3.90 (318) 0.31 0.71 21.1 3.08 (403) 0.28 0.76 20.8 0.40 −0.82 (85)
DHE 3.90 (318) 0.32 0.72 20.2 3.08 (403) 0.29 0.77 20.3 0.17 −0.82 (85)
1a 3.13 (396) 0.34 0.83 14.7 2.42 (512) 0.31 0.90 16.7 3.65 −0.71 (116)
1b 3.14 (395) 0.35 0.84 14.4 2.42 (512) 0.32 0.91 16.2 3.25 −0.72 (117)
2a 3.21 (386) 0.29 0.75 2.0 2.30 (539) 0.21 0.76 8.2 6.37 −0.91 (153)
2b 3.20 (387) 0.29 0.76 2.1 2.30 (539) 0.22 0.77 8.6 6.55 −0.90 (152)
3a 3.41 (364) 0.43 0.89 4.3 2.69 (461) 0.38 0.95 5.7 2.29 −0.72 (97)
3b 3.41 (364) 0.44 0.90 3.9 2.69 (461) 0.39 0.96 5.5 2.84 −0.72 (97)
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chosen for their simplicity and transparency.
In all cases, the lowest-lying transitions are the most intense and
have π→ π* character. It is evident from Table 1 that the chemical struc-
ture of the tail has only minor inﬂuence on the excitation energies. As
anticipated, elongation of the conjugated system lowers the excitation
energy. However, the excitation energy is higher for 3a and 3b than
for the other analogs with four double bonds, which might be due to
participation of the oxygen atom in the excitation. The trend in excita-
tion energies is present in theHOMO (highest occupiedmolecular orbit-
al)–LUMO (lowest unoccupied molecular orbital) differences. In fact, in
both 3a and 3b, the HOMO has a larger contribution at the oxygen atom
than the LUMO. This simpliﬁedHOMO–LUMOpicture thus suggests that
an excitation from the HOMO to the LUMO is accompanied by a dis-
placement of electron density from the more electronegative oxygen
atom to the less electronegative unsaturated carbon atoms (see
Fig. 3). The destabilization of the LUMO compared to the HOMO gives
rise to a larger excitation energy.
Erg, 2a and 2bpossess larger Stokes shifts than the rest of the sterols.
These molecules are characterized by a ground state structure that is
slightly twisted around the conjugated double bonds and an excited
state that ismore planar. Increased planarity in the excited state enables
better conjugation and lowers the excited state energy, leading to a larg-
er Stokes shift [73]. A large Stokes shift is preferable inmost imaging ap-
plications, since it enables good separation between the exciting and the
emitted radiation and thereby speciﬁc detection of the sterol probes in
cells. In some spectroscopic applications, however, a small Stokes shift
is useful, as homo-FRET (Förster resonance energy transfer between
ﬂuorophores of a single type) can then be used to probemolecular com-
partmentalization or aggregation [74–76].
Notably, the oscillator strength for Erg emission is almost as large as
forDHE, as seen in Table 1. This seems to be in conﬂict with experimen-
tal studies [77], which have shown Erg to be a very weak emitter, while
DHE ﬂuoresces strongly enough to be used as a ﬂuorescence probe. An
explanation for this observation is that competing non-radiative decay
channels can exist, which operate on a comparable or faster time scaleFig. 3. Isodensity surfaces of the HOMO and LUMO involved in thethan the ﬂuorescence. The calculated oscillator strengths give informa-
tion about the radiative decay probabilities only, and thus, in the
event of other processes dominating the relaxation, ﬂuorescence can
be quenched despite high oscillator strengths.
Themagnitude of the transition dipolemoments, |TM|, for excitation
and emission can be seen in Table 1 together with the angle between
the transition dipole moment and the molecular x-axis. The reference
coordinate system is deﬁned internally for each molecule where the
x-axis is pointing from C10 through C13, the y-axis is in the plane
spanned by the x-axis and C6 and the z-axis is perpendicular to the
ﬁrst two (see atom numbering and axes in Fig. 2). The x-, y- and z-
components of the transition dipole moments are available in Table S1.
The angle between the excitation and emission transition dipole mo-
ments is presented for each molecule in Table 1. Knowledge about this
angle is valuable for ﬂuorescence polarization measurements. In particu-
lar, it is related to the limiting anisotropy of the molecule and its knowl-
edge allows for relating observables of time-resolved ﬂuorescence
experiments tomolecular organization of the sterol probes in the lipid bi-
layer. More speciﬁcally, the higher the limiting anisotropy, the larger the
amplitude of themeasurable ﬂuorescence anisotropy decaywith the the-
oreticalmaximal value of the limiting anisotropy being 0.4, corresponding
to parallel excitation and emission transition dipoles. Since MD simula-
tions can provide insight into a molecule's orientational distribution in a
membrane, combining this knowledge with the calculated transition di-
poles enables direct comparison with experiments, as exempliﬁed by
Timr et al. [78]. Such studies will be the subject of future research.
From the angles (exc/em) in Table 1, we can conclude that DHE and
CTL almost reach the maximal value for the limiting anisotropy, while
the limiting values for the other sterols will be slightly lower. However,
even for the largest angle of 6.55° found for analog 2b, the limiting an-
isotropy will be 0.392, i.e., only slightly below the theoretical limit.
Based on the transition properties only, it is difﬁcult to point to one
analog as the best candidate for a ﬂuorescence probe. If it is to be used in
a light-sensitive sample, 1a and 1b are most appropriate because they
can be excited with the lowest energy radiation. On the other hand, if
a low concentration of the probe is desired, 3a and 3b are better choiceslowest excitation of 3a. An isovalue of 0.03 au has been used.
Table 3
Average values of various membrane properties for the pure POPC bilayer and for the bi-
layers with 30 mol-% sterol in POPC at 303 K.
Sterol Bilayer
thickness
(nm)
Block
error
(nm)
Area/lipid
(nm2)
Block
error
(nm2)
Membrane
dipole
potential (V)
POPC rotational
correlation
time (ns)
pure 3.769 0.016 0.659 0.011 1.182 23.77
Chol 4.389 0.016 0.525 0.007 1.275 75.32
Erg 4.463 0.033 0.520 0.007 1.401 77.07
CTL 4.345 0.069 0.530 0.008 1.303 53.16
DHE 4.336 0.015 0.539 0.007 1.422 59.22
1a 4.018 0.033 0.584 0.008 1.247 42.32
1b 4.108 0.013 0.574 0.010 1.259 49.88
2a 4.210 0.012 0.538 0.009 1.366 58.79
2b 4.282 0.022 0.542 0.008 1.424 50.03
3a 4.455 0.020 0.509 0.008 1.313 66.48
3b 4.487 0.015 0.512 0.007 1.203 60.45
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ly, keeping in mind that non-radiative processes are not accounted for
in the calculations. Analogs 2a and 2b have the lowest oscillator
strengths, but since the exciting and emitted radiation is well separated,
a large part of the emitted light can be utilized in imaging experiments.
When a sterol is embedded in a membrane, it is expected that its di-
pole moment has inﬂuence on its orientation. For example, the hydro-
phobic center of a membrane creates a positive potential with respect
to the bulk (see further discussion in Section 3.2) and this potential in-
teracts with the dipole of the sterol. To unravel the importance of a
sterol's dipole moment in relation to its orientation – and hence
membrane-ordering capacity – the dipole moments for Chol, Erg and
their analogs were calculated and will later be discussed in relation to
the MD results. In Table 2, the magnitude of the dipole moment is
shown for all the sterols together with the angle between the dipole
moment and the molecular x-axis. The x-, y- and z-components of the
dipole moments are given in Table S2 and refer to the same coordinate
system as deﬁned for the transition dipoles. It is seen that the dipole
moments are slightly larger for 3a and 3b than for the rest of the sterols
and they are completely perpendicular to the x-axis. Analog 1b pos-
sesses the smallest dipole moment and it points more in the direction
of the x-axis than the dipole moments of the other analogs.
The dipole moments of the analogs only deviate by a small amount
from those of Chol and Erg and it is likely that such small differences
will be negligible in this regard. There are other important factors that
govern membrane behavior and orientation, such as for example steric
effects, where the differences between the analogs might be more pro-
nounced. Consequently, knowledge of the dipolemoments does not fur-
ther guide the selection process as to which probes are the best
candidates at this point.
3.2. MD simulations
MD simulationswere performed for each sterol embedded in a POPC
bilayer and for a pure POPCmembrane for comparison. The setup for the
simulations is as described in Section 2.2. The simulations were ana-
lyzed to reveal the extents to which the analogs perturb the membrane
differently compared to Chol and Erg and thereby to identify which of
the analogs that exhibit the possibility to serve as probes.
3.2.1. High sterol concentration
In this section, the overallmembrane properties for the bilayerswith
30 mol-% sterol are ﬁrst presented, followed by details of the sterol ori-
entation in the bilayer.
The bilayer thickness was deﬁned as the average distance between
the phosphate atoms in the two monolayers. The results are presented
in Table 3 and show that all the sterols increase the thickness signiﬁ-
cantly with respect to the pure POPC bilayer. 1a and 1b have the
smallest effects, while Chol, Erg, 3a and 3b increase the bilayer thick-
ness the most. The bilayer thickness for the pure POPC membraneTable 2
Themagnitude of the total dipolemoment (|μtot|) of the sterols (in Debye) obtained at the
B3LYP/6-311++G** level of theory and the angle (in degrees) between the dipole mo-
ment and the x-axis of each molecule.
Sterol |μtot| Angle
Chol 1.95 54.1
Erg 2.16 58.7
CTL 2.12 59.1
DHE 2.01 57.7
1a 1.96 61.7
1b 1.77 40.6
2a 2.13 61.7
2b 2.02 60.5
3a 2.45 89.4
3b 2.30 90.0agrees well with the experimental X-ray result of 37.6 Å for 2zP, which
is the distance between the phosphate groups [79].
The area per lipid was calculated with the APL@Voro software [80],
which performs a Voronoi tessellation for a set of selected key
atoms— in this case the phosphorus atoms of the lipids and the oxygen
atoms of the sterols. The area per lipid is generally reduced upon addi-
tion of the sterols because of their condensing effect, as seen in Table 3.
Again, 1a and 1b cause the smallest effect, implying that they have the
poorest ordering ability, while 3a and 3b induce the strongest reduction
in area per lipid. The area per lipid for the pure POPC membrane is in
agreement with previously reported experimental ﬁndings [79,81].
To directly investigate the ordering effect of the sterols on the phos-
pholipid acyl tails, the deuterium order parameter, SCD, of the lipid tails
was computed for each carbon in the two chains. The SCD is a time and
ensemble average and depends on the angle, θ, between the C–D (or,
in simulations, C–H) bond vector and the bilayer normal according to
the formula [82,83]
SCD ¼ 12 3cos
2 θð Þ−1 : ð1Þ
The SCD can bemeasuredwithNMR and the calculated values can thus
directly be compared with experiments. The sterols have different order-
ing abilities, as shown in Fig. 4, with 3a and 3b being slightly superior to
their respective natural analogs,Chol andErg (see Figs. S4 and S5). Exper-
imental order parameters are available for a pure POPC membrane [84]
and for a system of 34 mol-% Chol in POPC [85]. These order parameters
are compared with the parameters obtained from the simulations to ver-
ify the accuracy of the MD approach. It is important to note that the con-
centration of Chol in the simulations was 30 mol-%, whereas the
reference experiment used a 34 mol-% concentration. The simulated
order parameters for the lipid sn-1 and sn-2 segments agree very well
with the corresponding experimental results for the pure POPC mem-
brane [84]. For the membrane containing Chol, the simulated sn-1 and
sn-2 order parameters are also close to the experiments, although the
simulations overestimate the order for the sn-1 segment by up to 5%
even though the concentration of Chol is slightly lower. Order parameters
were also calculated for the Cholmolecules themselves and they repro-
duce the experimental order parameters to a high degree [85]. Two hy-
drogen atoms that are bonded to the same carbon atom in the ring
system can have very different order parameters (see Fig. 5). It turns
out that the higher order parameter is associated with the hydrogen
atom in the axial position, while the lower order parameter belongs to
the hydrogen atom in the equatorial position. Close to the double bond
or in the ﬁve-membered ring, the axial and equatorial positions are not
well deﬁned and the order parameters for two hydrogen atoms on the
same carbon atom are more similar. Contrary to previous simulation
work [85], the MD simulation in this study captures the experimentally
determined large order parameters of the methylenes of the Chol tail
Fig. 4.Deuterium order parameters for the sn-1 (a) and sn-2 (b) segments of POPC in a bilayer with 30 mol-% embedded Chol, Erg, CTL, DHE, 1a, 1b, 2a, 2b, 3a or 3b, and for a pure POPC
bilayer at 303 K. The numbering of the POPC segments is shown in Fig. S1.
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while the parameters used for Chol in the previous study (taken from
Höltje et al. [86]) were based on a united atom force ﬁeld (GROMOS).
The bilayer thickness, area per lipid and SCD indicate that 3a and 3b
induce amore condensed phase in themembrane compared to their re-
spective natural analogs Chol and Erg, but this is less obvious judging
from the rotation of the POPC lipids.
Generally, themore rigid themembrane is, the slower is the rotation
of each lipid around its own axis. Information concerning the rotational
motion is accessible through the rotational autocorrelation function. The
rotational autocorrelation function for POPC in each of the systems is
plotted versus time in Fig. 6. The functionswere ﬁtted to a double expo-
nential, from which the average correlation times were calculated like
previously described by Pourmousa et al. [87] (see Supporting Informa-
tion for further details). It was found that Erg and Chol induce the lon-
gest correlation times (see Table 3), but the other sterols also restrict the
lipid rotation notably compared to the bilayer without sterols.
The membrane dipole potential, ψd, arises from the alignment of the
dipoles of the lipid and water molecules in a bilayer [72]. The orienta-
tion of the dipoles leads to a positive potential in the center of theFig. 5.Deuterium order parameters for Chol embedded in a POPC bilayer at 30mol-% and
303 K. Order parameters for two hydrogen atoms belonging to the same carbon are con-
nected with vertical lines. For Chol atom numbering, see Fig. 2.membrane. The positive potential is biologically important because it,
amongst other things, provides a potential barrier that reduces cation
permeability [88]. Chol is known to increase the dipole potential con-
siderably [89], while Erg does so to a much lesser extent [90]. Further
investigations have underlined the importance of a correct stereochem-
istry of Chol for maintaining its ability to increase the dipole potential
[34]. Since the dipole potential has demonstrated sensitivity toward
the details of sterol structure, this property was calculated for the sim-
ulated membranes. The electrostatic potential across the membrane
was found by integrating the electron density, ρ, twice over the z-
coordinate of the simulation box according to
ψ zð Þ−ψ −∞ð Þ ¼−
Z z
−∞
dz0
Z z0
−∞
ρ z0 0ð Þdz0 0=0 ð2Þ
where the position z=−∞ is in the bulk phase, where the potential is
assumed to be zero and 0 is the vacuum permittivity [91]. The electro-
static potential along the z-coordinate is shown for the system of Chol
in POPC in Fig. 7. From this plot, the dipole potential is found as theFig. 6. The rotational autocorrelation function for the POPC lipids in the presence and ab-
sence of the different analogs at 30 mol-% and 303 K.
Fig. 9. Normalized tilt angle distributions for the tails of the sterols at 30mol-%. Bin width
is 1°.
Fig. 7. The electrostatic potential proﬁle along the bilayer normal (symmetrized around
z = 0) for the bilayer with 30 mol-% Chol and POPC. The dipole potential, ψd, is indicated
with a red line.
2194 L.J. Nåbo et al. / Biochimica et Biophysica Acta 1848 (2015) 2188–2199potential difference between the center of the membrane and the bulk
solvent as illustrated with a red line [72].
The calculated dipole potentials for the systems are given in Table 3.
Overall, the calculated dipole potentials are much larger in magnitude
than seen in experiments [90]. The experimental value for a pure
POPCmembrane is found to be ~0.363 V, while the MD simulation pre-
sented here gives 1.19 V. Furthermore, Chol at 30 mol-% increases the
dipole potential by ~54% in the experiment, while the corresponding in-
crease is only about 9% in the simulation. The discrepancy between ex-
periments and MD simulations regarding absolute values of the dipole
potential is typical and the issue is discussed by Demchenko and
Yesylevskyy [88], who suggest that the use of conventional force ﬁelds
leads to an overestimation of the dipole potential due to the inaccuracy
of the atomic charges and/or the neglect of many-body polarization ef-
fects [92,93]. Judging from the MD simulations in this study, the dipole
potential is not particularly dependent onwhich of the sterols is embed-
dedwithin themembrane. It should be noted though, that several of the
sterols increase the dipole potential more than Chol. One of the sterols
that give the highest dipole potential is Erg, which, as mentioned
above, should only increase the dipole potential slightly. Because of
the uncertainty in the dipole potential calculations, they are not used
to draw any conclusions in this study.Fig. 8. Normalized tilt angle distributions for the ring systems of the sterols at 30 mol-%.
Bin width is 1°.Figs. 8 and 9 illustrate the tilt angle distribution for each sterol's ring
system and tail, respectively, with respect to the bilayer normal (z-di-
rection). The tilt angle for the ring system is deﬁned as angle “a” and
the tilt angle for the tail as angle “b” in Fig. 10. The atoms marked
with red dots are the atoms used to specify the two vectors (the vector
deﬁning angle “a” is the internal x-axis given in Fig. 2). It can be seen
that in general, the sterols that show the greatest condensing effects ac-
cording to the membrane thickness and the area per lipid also have the
smallest average tilt angles and the narrowest distributions. Erg pos-
sesses the smallest angle on average followed by 3b, Chol and 3a. The
tilt angle distribution of the Chol ring system is in good agreement
with a recently publishedMD simulation [94], even though the temper-
ature in that simulation was lower (298 K) and the vector was deﬁned
in a slightly different manner. A correlation between the ordering effect
and the tilt angle of sterols has previously been found by Vattulainen
and co-workers [38,37] and was recently discussed by Khelashvili
et al. [95,96], who suggest that the tilt angle provides a measure of the
condensing effect of sterols on lipids.Fig. 10. Deﬁnitions of the tilt angles of the ring system “a” and of the tail “b”.
Table 4
Average values of various membrane properties for the pure POPC bilayer and for the bi-
layers with 5.5 mol-% sterol in POPC at 303 K.
Sterol Bilayer
thickness
(nm)
Block
error
(nm2)
Area/lipid
(nm2)
Block
error
(nm2)
POPC rotational
correlation time (ns)
Pure 3.769 0.016 0.659 0.011 23.77
Chol 3.877 0.015 0.635 0.009 26.83
2a 3.869 0.010 0.634 0.010 28.68
3a 3.857 0.017 0.638 0.008 33.59
Fig. 11. Snapshot from the simulation of 1b in POPC. Two 1bmolecules are highlighted in
yellow to illustrate the location when the tail is perpendicular (left) and parallel (right) to
the membrane normal.
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tail of 1b. The distribution has two maxima, one at ~21° and another at
~90°. A closer inspection of the trajectory revealed that 1b sometimes
moves toward the center of the membrane and places its tail between
the two leaﬂets, perpendicular to the bilayer normal. There are conse-
quently two favored locations for this molecule in the membrane as il-
lustrated in Fig. 11, which is a snapshot from the simulation where
two 1bmolecules – occupying each of the two locations – are highlight-
ed. The tail of the structurally related sterol 1a also has a very large tilt
angle compared to the rest of the sterols. The plot indicates the presence
of two populations, but it is not nearly as clear as for 1b. Visualization of
the trajectory of 1a in POPC cannot without further investigation attri-
bute the large tilt angle of the tail to a speciﬁc location since the sterols'
conformations ﬂuctuate signiﬁcantly. The ﬂuctuation is expected since
the bilayer containing 1a has been shown to be the least ordered one,
i.e. it is more ﬂuid than the other investigated membranes.
The location of the sterolswithin the bilayerswas studied by plotting
the electron density originating from different membrane components
along the bilayer normal (see plots in Fig. S6). Figs. 12 a and b compare
the density proﬁles for Chol and its analogs and for Erg and its analogs,
respectively. The density proﬁles for the probes generally resemble thatFig. 12. Electron density proﬁles for (a) Chol and its analogs and (b) Erg aof their parent sterol with the exceptions of 1a and 1b, which have
lower density near the center of the membrane. The large tilt angles of
1a and 1b prevent the terminal carbons of the tail to extend into the
interleaﬂet space. Here, however, the density is slightly higher for 1b
than for 1a, which probably originates from the second favored location
of 1b previously discussed. In allmembrane systems, the peaks from the
sterol hydroxyl groups and the carbonyl groups of the POPCs overlap
due to hydrogen bonding between these groups (Fig. S6).
Summarizing, it can be seen from the MD simulations that all the in-
vestigated sterols increase the order of the membrane, but the extent to
which they do so differs signiﬁcantly. Themajority of the analyzedmem-
brane properties show the same trend in ordering ability, where themost
ordering sterol is 3b followed by Erg, 3a, Chol, CTL, DHE, 2b, 2a, 1b and
ﬁnally 1a. The sequence proposes that the capability of a sterol to con-
densemembranes is primarily decided by the structure of its ring system
and whether the tail resembles that of Chol or Erg is only of secondary
importance.
From the comparison between the C36c and Amber simulations of
Chol and Erg in POPC discussed in Section 2.2.4, the largest difference be-
tween the force ﬁelds could be seen for the tilt angle of the Erg tail, which
was smaller in the AMBER simulation than in the C36c simulation (Fig.
S11). On the contrary, the tilt angle distributions for both the Chol ring
system and the Chol tail are almost identical for the two different force
ﬁelds (Fig. S10). As a consequence of the incorrect order of Chol and
Erg in the present simulations, and the Erg tail possibly being responsible
for this, the reported internal ranking of the pairwise closely related CTL
and DHE, 1a and 1b, 2a and 2b, and 3a and 3b, respectively, where the
only difference is the tail, becomes uncertain. However, this ranking is
not of great importance for the outcome of this study and the difference
between the C36c and Amber force ﬁelds do not affect the main conclu-
sions of this work. For example, the differences between the pair 2a and
2b and the pair 1a and 1b are larger than the differences arising from
the force ﬁelds alone.
Amongst the sterols with four conjugated double bonds, i.e. 1a, 1b,
2a, 2b, 3a and 3b, the latter twomolecules are clearly themost ordering
and thereby mimic the membrane perturbations of Chol and Erg the
best. The result is in agreement with the ﬁnding by Vattulainen andnd its analogs along the bilayer normal at 30 mol-%. Bin size is 0.25 Å.
Fig. 13.Deuteriumorder parameters for the sn-1 (a) and sn-2 (b) segments of POPC in a purePOPC bilayer and in POPC bilayerswith 5.5mol-% (∘) or 30mol-% (×) embeddedChol,2aor3a
at 303 K. The numbering of the POPC segments is shown in Fig. S1.
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portant for its membrane function [37,97,98]. Particularly, they con-
clude that the C18 methyl group of Chol is crucial for a proper
orientation and accordingly, we here ﬁnd that 1a and 1b, which both
lack this methyl group, are considerably less condensing and possess
much larger tilt angles than the rest of the sterols.
It is intriguing to see that 3a and 3b are found to be even more con-
densing than Chol and Erg, as is apparent from the data in Table 3 and
the order parameters (see zoom-ins in Figs. S4 and S5), since to the
best of our knowledge, any structural changes in the Chol or Ergmole-
cules in previous studies have resulted in reduced ability to ordermem-
branes [16,10,34–36,38–40,66,99]. The key features of Chol and Erg,
whichmakes them able to order lipid bilayers seem to be the combina-
tion of a ﬂat α-surface and a bulky β-face, where the latter is divided in
two by the methyl groups in axial positions on the ring system. These
characteristics make the sterols arrange in a triangular lattice in the
plane of the membrane, thus ordering the membrane in a cooperative
fashion [98]. As already discussed, deletion of the methyl groups re-
duces the ordering effect, presumably because the three-fold symmetry
is lost. The increased condensing effects of 3a and 3b with respect to
Chol and Erg could be a result of further smoothening of the α-face as
more double bonds are added in the ring system while the positions
of the methyl groups are kept more or less unchanged.
Based solely on these MD simulations, the best choices for Chol and
Erg probes are 3a and 3b followed by CTL and DHE, simply because
they have the ability to condense membranes on a level comparable
with Chol and Erg.
3.2.2. Low sterol concentration
A typical probe concentration in a cell membrane imaging experi-
ment is around 5–8 mol-% [42], and it is therefore of interest to knowFig. 14. Normalized tilt angle distributions for the ring system (a) and the tail (b) of eacthe impact of the probes on a membrane in this concentration range.
Thus, three additional simulations with 5.5 mol-% Chol, 2a and 3a, re-
spectively, in a POPC membrane were performed. Chol analogs were
chosen for further simulations since the parameters for the Chol tail
were shown to bemore reliable than those for the Erg tail, and amongst
them 2a and 3a were selected for their promising optical and Chol-
mimicking properties.
The bilayer thickness, area per lipid and lipid rotational correlation
time for the three membranes are presented in Table 4 together with
the pure POPC membrane. All three sterols increase the bilayer thick-
ness and reduce the area per lipid compared to the pure bilayer, and
their effects are essentially identical at 5.5 mol-%. Analogs 2a and 3a
mimic Chol very well also in other bilayer properties, as the order pa-
rameters of POPC (Fig. 13), the tilt angles of the sterols (Fig. 14) and
the electron density proﬁles (Fig. S7). As seen in Figs. 13 and 14, the
ranking of the sterols' condensing capacities at 30 mol-% is not recov-
ered at this low concentration, where both analogs perturb the mem-
brane minimally compared to Chol. The results presented here agree
with previous studies [42,16,2], which show similar ordering effects of
low concentrations of Chol analogs on membranes.
4. Conclusions
The aim of this study is to propose new ﬂuorescent Chol and Erg
probes based on the requirement of both favorable optical properties
and an ability to mimic the natural sterols' membrane behavior. The
MD simulations revealed that analogs 1a and 1b have poor membrane
ordering effects and they are therefore excluded. Both CTL and DHE
are, as mentioned in the introduction, currently employed probes and
their use as analogs is justiﬁed here, as their effects are comparable
with Chol's. Analogs 2a and 2b possess promising optical properties,h sterol at 5.5 mol-% (full lines) and 30 mol-% (dash-dotted lines). Bin width is 2°.
2197L.J. Nåbo et al. / Biochimica et Biophysica Acta 1848 (2015) 2188–2199but even though 2amimicked the effect of Chol very well at 5.5 mol-%
(Section 3.2.2), its condensing capacity is still far from that of Chol at a
higher concentration. In cellular imaging applications, one should deﬁ-
nitely prefer analogs 3a and 3b, since even when only about 5 mol-%
of the probe gets initially inserted into the plasma membrane, further
concentration due to intracellular sorting processes must be taken into
account. For example, sterol accumulation in lysosomal organelles has
been studied using DHE in Niemann Pick disease cells [100]. In conse-
quence, local sterol concentrations will exceed 5–10 mol-% and under
such conditions, the less suitable analogs will reveal their limitations.
Similarly, in ﬂuorescence spectroscopy applications, one would like to
have sterol analogs which mimic Chol and Erg optimally over a wide
concentration range and this is guaranteed for analogs 3a and 3b but
not for 2a and 2b.
Overall, the clearly most promising probe candidates are 3a and 3b,
which both have excellent optical properties, i.e. strong absorption at
low excitation energies and intense ﬂuorescence, and impressive mem-
brane ordering effects. It is worth emphasizing that they are shown to
be even more condensing than Chol and thereby challenge the belief
that Chol has the optimal structure for ordering membranes [99]. De-
tailed analysis of these new molecules can contribute to the under-
standing of the complex mechanisms that govern membrane ordering.
It was further investigated whether a correlation existed between
the dipole moment of the analogs and their impact on membranes. An
earlier study has indicated a connection between the dipole moment
of a sterol and the membrane dipole potential [89]. However, neither
a correlation between the magnitude of the dipole moment and the
condensing abilities were found, nor between the dipole moment and
the average tilt angle of the sterol ring system.
Finally, even though the condensing ability was shown to be primar-
ily dependent on the chemical structure of the ring system rather than
the tail, we recommend – based on structural similarity – that analog
3a with a tail similar to that of Chol should be used as a Chol probe
and that likewise, analog 3bwith an Erg tail should be used as a probe
for Erg.Transparency document
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